Transmission Resonances in Magnetic-Barrier Structures by 川添  良幸
Transmission Resonances in Magnetic-Barrier
Structures
著者 川添  良幸
journal or
publication title












Transmission resonances in magnetic-barrier structures
Y. Guo1,2,a, Z.-Q. Li2, B.-L. Gu1, Q. Sun2, J.-Z. Yu2, and Y. Kawazoe2
1 Department of Physics, Tsinghua University, Beijing 100084, P.R. China
2 Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan
Received: 18 August 1997 / Revised: 20 September 1997 / Accepted: 13 October 1997
Abstract. Quantum transport properties of electrons in simple magnetic-barrier (MB) structures and in
finite MB superlattices are investigated in detail. It is shown that there exists a transition of transmission
resonances, i.e., from incomplete transmission resonances in simple MB structures consisting of unidentical
blocks, to complete transmission resonances in comparatively complex MB structures (n ≥ 4, n is the
number of barriers). In simple unidentical block arrangements in double- and triple-MB structures we can
also obtain complete transmission by properly adjusting parameters of the building blocks according to ky-
value (ky is the wave vector in y direction). Strong suppression of the transmission and of the conductance is
found in MB superlattices which are periodic arrangements of two different blocks. The resonance splitting
effect in finite MB superlattices is examined. It is confirmed that the rule (i.e., for n-barrier tunneling the
splitting would be (n− 1)-fold) obtained in periodic electric superlattices can be extended to periodically
arranged MB superlattices of identical blocks through which electrons with ky ≥ 0 tunnel, and it is no
longer proper for electrons with ky < 0 to tunnel.
PACS. 73.40.Gk Tunneling – 03.65.Ge Solutions of wave equations: bound states
1 Introduction
Since the proposal and realization of the semiconductor
heterojunction superlattice (SL) by Esaki and Tsu [1] and
by Chang et al. [2] in the early 70s, electron transport
phenomena in the superlattice have attracted tremendous
interest and become a frontier research field. Over past
years, the electronic properties of the SL have been the
subject of active studies, both theoretically and experi-
mentally, due to the demand to understand the physics
involved and its great technological potential. One impor-
tant feature revealed by studies on comparatively simple
structures such as double-barrier structures (DBS) and
triple-barrier structures (TBS), is the resonant tunneling.
The resonance splitting effect was found from the studies
on multiple-barrier tunneling. A resonance peak of the
transmission coefficient in a DBS splits into a doublet
while in a TBS and quadruplets in a quintuple-barrier
structures [3]. The feature was extended directly to a
general case: for n-barrier tunneling the splitting would
be (n − 1)-fold. Furthermore, Tsu and Esaki [3] pointed
out that the split resonance energies would eventually ap-
proach to the band model results for very large n. The
above generalization was proved analytically by Liu and
Stamp [4] at zero bias.
Recently there has been increased interest in studying
the behavior of two-dimensional electron gas (2DEG) sub-
jected to inhomogeneous magnetic field on a nanometer
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scale. Experimentally this kind of field has been realized
with creation of magnetic dots [5], patterning of ferro-
magnetic materials [6], and deposition of superconducting
materials on conventional heterostructures [7]. Transport
of electrons in a unidirectional weak magnetic field modu-
lation has been realized by Carmona et al. [8], Ye et al. [9]
and Izawa et al. [10]. They observed oscillatory magne-
toresistance due to a commensurability effect between the
classical cyclotron diameter and the period of magnetic
modulation. These experimental techniques open up the
way to experiments in alternating magnetic fields with
periods in the nanometer region. Theoretically, the tun-
neling properties through a thick potential barrier under
the influence of a local magnetic field was investigated by
Ramaglia et al. [11] who found that the magnetic field
was localized strictly within the potential barrier, which
led to resonances that were centered within the barrier.
The motion of 2DEG in an finite strip across which a
magnetic field varies linearly [12], in a smooth magnetic
barrier geometry of different shape [13] and in a curved
2DEG system were also studied [14]. Very recently, studies
on electron tunneling through symmetric magnetic barri-
ers [15,16] and asymmetric magnetic barriers [17] showed
that magnetic barriers possess wave-vector filtering prop-
erties and the asymmetric double-barrier magnetic struc-
ture possess stronger filtering properties. Quantum trans-
port through periodically arranged magnetic barriers [18]
and magnetic superlattices [19] has also been dealt with.








Fig. 1. Magnetic superlattice made up of two different building
blocks A and B.
The latter study found the energy spectrum consists of
magnetic minibands.
In this paper we will be concerned with electronic
transport properties in simple MB structures (such as
double MB structure (DMBS) and triple MB structure
(TMBS)), in comparatively complex MB structures (such
as quadruple MB structure(QMBS) etc.), and in finite MB
superlattices which are modeled by periodically arranged
magnetic barriers and magnetic wells. We find that there
exists a transition of transmission resonances for electrons
transport from simple MB structures of unidentical blocks
to comparatively complex MB structures arranged by two
different blocks, complete transmission resonances can be
seen in the latter case as in MB structures of identical
blocks. We also explore the possibility of complete tunnel-
ing in simple MB structures arranged by different blocks.
The resonance splitting effect in finite MB superlattices
is investigated, similarities and differences of splitting fea-
tures between MB superlattices and electrostatic super-
lattices are discussed. Our studies show that resonance
splitting phenomena is more complex in the MB super-
lattice, and its features depend strongly not only on the
geometry of building blocks but also on orientations of the
wave vector of incident electrons.
2 Theory
Now we consider a 2DEG system (in (x, y) plane) subject
to a perpendicular magnetic field (along z direction) as
depicted in Figure 1. The magnetic field is taken to be
homogeneous along y axis and varies along x axis. The
total magnetic field over the whole 2DEG plane is zero.
A MB superlattice can be obtained by periodically ar-
ranging two different blocks A and B. Each building block
consists of one magnetic barrier (with height Bi and width
di (i = 1, 2)) and one magnetic well (with height −Bi and
width di (i = 1, 2)). We take rectangular profile of B(x)
which is the limit of small distance between 2DEG and fer-
romagnetic thin film. The Schrödinger equation is written
in the framework of the effective mass approximation in




2ψ(x, y) = Eψ(x, y), (1)
where m∗ is the electron effective mass, and Ai the Lan-
dau vector potential which is taken in the Landau gauge
Ai = (0, Ai(x), 0), in which
Ai(x)=

B1[x− (m− 1)(d1 + d2)],
(m− 1)(d1 + d2) ≤ x < md1 + (m− 1)d2,
−B1[x− (m+ 1)d1 − (m− 1)d2],
md1 + (m− 1)d2 ≤x< (m+ 1)d1 + (m− 1)d2,
m = 1, 3, 5, · · · , (2a)
Ai(x) =

B2[x−md1 − (m− 2)d2],
md1 + (m− 2)d2 ≤ x < md1 + (m− 1)d2,
−B2[x−m(d1 + d2)],
md1 + (m− 1)d2 ≤ x < m(d1 + d2),
m = 2, 4, · · · , (2b)
where m is the order number of magnetic barriers or wells.
For convenience, we express all quantities in dimen-
sionless units by using the cyclotron frequency ωc =
eB0/m
∗ and the magnetic length lB =
√
~/eB0. For GaAs
and an estimated B0 = 0.1 T we have lB = 813 Å,
~ωc = 0.17 meV [15]; m∗ can be taken as 0.067me (me is
the free electron mass). The coordinate r is in unit of lB,
Ai in unit of B0lB, the energy E in unit of ~ωc. Since the
y component of electron momentum operator commutes
with the Hamiltonian, the wave function can be written
as a product ψ(x, y) = eikyyψ(x), where ky is the wave
vector of the electron in the y direction. Accordingly, we




− [Ai(x) + ky]
2 + 2E
}
ψ(x) = 0. (3)
The function V (x, ky) = [Ai(x) + ky]
2/2 can be inter-
preted as a ky-dependent electric potential. Notice that
the effective potential for electron motion in the x direc-
tion depends on the electron wave vector in the y direc-
tion. In the left and the right regions, the wave functions
are free electron wave functions, which can be written
as ψl(x) = e




2E − [Ai(x) + ky]2(i = l, r).
In magnetic barrier and well regions, the wave function





















(m− 1)(d1 + d2) + ~ky/eB1,
(m− 1)(d1 + d2) ≤ x < md1 + (m− 1)d2,
(m+ 1)d1 + (m− 1)d2 − ~ky/eB1,
md1 + (m− 1)d2 ≤x< (m+ 1)d1 + (m− 1)d2,
m = 1, 3, 5, · · · , (5a)
x0i (x) =

md1 + (m− 2)d2 + ~ky/eB2,
md1 + (m− 2)d2 ≤ x < md1 + (m− 1)d2,
m(d1 + d2)− ~ky/eB2,
md1 + (m− 1)d2 ≤ x < m(d1 + d2),
m = 2, 4, · · · , (5b)




i in equation (4)
are Hermitian functions. Matching the wave function at
the edges of magnetic barriers and wells, the transmission
amplitude τ and the reflection amplitude r are obtained.
Then, the transmission coefficient of electron transport
through the finite MB superlattice is given by




In the ballistic region, the conductance can be derived as







2EF sinφ) cosφdφ, (7)
where φ is the angle of incidence relative to the x direc-
tion, EF is the Fermi energy, G0 = e
2m∗vF l/~2 with l the
length of the structure in the y direction and vF the Fermi
velocity.
3 Results and discussions
In this section we discuss characteristics of transmis-
sion resonances in simple MB structures and features of
resonance splitting in finite MB superlattices. Figure 2
presents the transmission coefficient versus incident en-
ergy for electrons tunneling through two DMBS’s, two
TMBS’s and two QMBS’s. Number n in each of the plots
is the total number of building blocks in the correspond-
ing structure. Structures considered here are arranged by
block A (B1 = 0.1 T and d1 = 1) or by block A and
block B (B2 = 0.3 T and d2 = 1) in AB sequence as
depicted in Figure 1. In all six plots, solid, dashed and
dotted curves are for ky = 0.0, ky = 0.7 and ky = −0.7,
respectively. Figure 2a1 shows results for the symmetric
DMBS of two identical blocks A while Figure 2a2 is for the
asymmetric DMBS which consists of two different blocks
A and B. One can easily see that the transmission co-
efficient at resonances is always equal to unity for elec-








































Fig. 2. Transmission through two DMBS’s (see (a1) and (a2)),
two TMBS’s (see (b1) and (b2)), and two QMBS’s (see (c1)
and (c2)). In all plots, solid, dashed and dotted curves are for
ky = 0, 0.7 and −0.7, respectively. (a1), (b1) and (c1) are for
structures of identical blocks A (B1 = 0.1 T and d1 = 1);
(a2), (b2) and (c2) are for structures arranged by two different
blocks A (B1 = 0.1 T and d1 = 1) and B (B2 = 0.3 T and
d2 = 1).
transmission resonance peaks fall off rapidly in the asym-
metric case. The larger the degree of the asymmetry of the
structure, the smaller the transmission will become. These
features reflect the fact that the asymmetric DMBS pos-
sesses stronger wave-vector filtering properties than the
symmetric DMBS. Similar results have been obtained in
reference [17] where there is a zero magnetic field region
within barriers. The most obvious discrepancy in trans-
mission resonances in this work from that in reference [17]
is that we obtain fewer resonant peaks here. In this work,
we carry out similar numerical calculations in order to see
not only transition of transmission resonances but also in
the following part to see resonance splitting effects in finite
MB superlattices. The transmission for electron transport
through two TMBS’s are displayed in Figures 2b1 and 2b2.
Two resonant peaks appear in Figure 2b1 for the TMBS
of three identical blocks A for the ky ≥ 0 case. Only one
suppressed peak can be seen in Figure 2b2 for the TMBS
in which the middle block is twice the height as that of the
right and the left ones. In this case one can see strong sup-
pression of the transmission coefficient, as in the asymmet-
ric DMBS. Figure 2c1 indicates the transmission spectrum
for one QMBS of four identical blocks A, while Figure 2c2
is for another QMBS obtained by arranging two different
blocks A and B. Three very sharp peaks can be seen in Fig-
ure 2c1 whereas the number of resonant peaks decreases
and the width of peaks drastically narrows for the QMBS
266 The European Physical Journal B
arranged with two different blocks. What strikes us most
is that all peaks in the latter case cause no suppression
and the transmission coefficient at resonances is always
equal to unity. The results obtained here indicate that
complete tunneling or 100% transmission can still occur in
the QMBS of different building blocks. Comparing curves
in Figure 2c2 with those in Figure 2a2 and in Figure 2b2,
we can see that there exists a transition of transmission
resonances for electrons tunneling through from simple
MB structures to comparatively complex MB structures.
In simple DMBS and TMBS (here both of them are ar-
ranged with two blocks with different heights and same
widths), 100% transmission at resonances is not possible,
while in complex MB structures arranged by the same two
different blocks (n ≥ 4), complete tunneling can occur as
in MB structures of identical blocks.
Complete transmission resonances found in the QMBS
obtained by arranging two different blocks seems to be
connected with the superstructure of two identical larger
blocks each consisting of two alternating building blocks.
One may wonder what happens in a MB structure of an
odd number of different building blocks. Are transmission
resonances suppressed or not? In order to reveal the na-
ture of transmission resonances in the MB structure of
an odd number of different blocks, we show numerical re-
sults in Fig. 3 for three MB structures. The structures are
obtained by periodically arranging two different blocks A
(B1 = 0.1 T and d1 = 1) and B (B2 = 0.2 T and d2 = 1)
in AB sequence. Here we lower the difference between two
building blocks in order to see the transition which is intro-
duced by the many barrier effect. For curves from top to
bottom, corresponding total numbers of building blocks
are of 5, 7 and 9, respectively. In all of our plots, solid,
dashed and dot-dashed curves are for ky = 0.0, ky = 0.7
and ky = −0.7, respectively. One can once again see 100%
transmission resonances in all three cases. This feature in-
dicates that complete transmission resonances in compar-
atively complex MB structure arranged by two different
blocks is not closely connected with the superstructure of
two identical larger blocks (each consisting of two alter-
nating building blocks). We think it is driven by the many
barrier effect.
There is another question one may wonder, i.e., can
complete transmission resonances appear in simple MB
structures of unidentical blocks? In Figure 4 we display
numerical results for one asymmetric DMBS (see Fig. 4a),
one TMBS (see Fig. 4b) and one QMBS (see Fig. 4c). In
this case, both the width and the height of two blocks are
set to different values. B1 = 0.1 T and d1 = 1.95 are for
block A, B2 = 0.3 T and d2 = 1 for block B. We carefully
choose these parameters in order to get 100% transmission
resonances for electrons with ky = 0.7 tunneling through
the DMBS. One can see that in simple DMBS and TMBS,
complete tunneling indeed occurs at some ky-value, while
at other ky-value, transmission resonances are suppressed
as in the DMBS and TMBS where its building units are
with different heights and same widths (see Figs. 2a2 and
b2). To some extent features of transmission resonances
exhibited in Figure 4 (such as, the total number of peaks
























Fig. 3. Transmission through three complex MB structures
which are periodically arranged by block A ( B1 = 0.1 T and
d1 = 1) and block B (B2 = 0.3 T and d2 = 1). The total
numbers of building blocks are n = 5, 7 and 9 for the curves
from top to the bottom. In all plots, solid, dashed and dot-
dashed curves are for ky = 0, 0.7 and −0.7, respectively.
and relative positions between them) are very similar to
that for MB structures of identical blocks. This implies
that high quality tunneling can also occur in MB struc-
tures of unidentical blocks. Another main feature which
we should notice is that in similar DMBS’s or TMBS’s
of unidentical blocks, it is impossible to obtain complete
transmission resonances for any incident wave-vector ky .
That is to say, for different ky , we should properly adjust
parameters of building blocks in order to get optimum
tunneling. From Figure 4c one can once again see a tran-
sition of transmission resonances for electrons tunneling
through from simple MB structures to complex structures,
especially for the ky = −0.7 case. Moreover, in all three
cases the width of peaks narrows drastically due to the
increase of the width of the whole structure.
Most tunneling properties obtained in the MB struc-
ture [15,19] have been successfully explained by using the
concept of the effective potential V (E, ky) = [Ai(x) +
ky]
2/2 of MB structures. Here by using the same con-
cept we can also explain the wave-vector-dependent tran-
sition (from incomplete transmission resonances to com-
plete transmission resonances) in the simple MB structure,
and the transition of transmission resonances for electrons
tunneling through from simple MB structures to compar-
atively complex structures. First, we should notice the
fact that the effective potential structure depends strongly
not only on parameters of the MB structure but also on
Y. Guo et al.: Transmission resonances in magnetic-barrier structures 267






















Fig. 4. Transmission through (a) one asymmetric DMBS ; (b)
one TMBS; (c) one QMBS. The structures for (a), (b) and (c)
are arranged by block A (B1 = 0.1 T and d1 = 1.95) and block
B (B2 = 0.3 T and d2 = 1). In all plots, solid, dashed and
dot-dashed curves are for ky = 0, 0.7 and −0.7, respectively.
the wave-vector ky. For the transport of electrons with
ky > 0 through a MB structure, the corresponding effec-
tive potential is electric barriers, and transport is the tun-
neling through barriers; whereas for the ky < 0 case the
corresponding effective potential is multiple-wells in which
the process of electron motion is transport through a vir-
tual state above quantum wells [15]. Secondly, we should
notice another well-known fact, i.e., the transmission co-
efficient at resonances is usually unity in a symmetric elec-
tric double-barrier structure. If an electric field is applied
to the symmetric structure, the symmetric feature of the
structure cannot be retained and the transmission coeffi-
cient at resonances is reduced. Because of the same rea-
son, the resonant transmission coefficient in asymmetric
double-barrier electric structure is small. However, com-
plete tunneling can occur in asymmetric structures if the
transmission coefficient for the left barrier is exactly the
same as that for the right one [22]. In triple-barrier elec-
tric structures which consists of unidentical barriers, we
can also obtain complete tunneling by properly adjust-
ing parameters of the middle barrier and that of the side
ones [23]. Therefore, keeping these facts in mind, we have
no difficulty to understand the transition of transmission
resonances found in the MB structure. For electron trans-
port through MB structures of identical blocks, the po-
tential profile of V (E, ky) is equivalent to electric barrier
structures or well structures of identical blocks. So in this
case we can see complete tunneling as in electric struc-
tures of identical barriers and wells. For electrons tunnel-
ing through MB structure of different blocks, the poten-
tial profile V (E, ky) is equivalent to electric structures of
unidentical barriers or wells, and for different ky the corre-
sponding electric structure differ greatly. As an example,
in an asymmetric DMBS consisting of block A (B1 = 0.1 T
and d1 = 1.95) and block B (B2 = 0.3 T and d2 = 1), the
transmission for the left block and right block at reso-
nant energy is nearly the same for ky = 0.7, whereas for
other ky-value this relation is broken. So we see complete
transmission resonances for ky = 0.7 case while for other
ky cases we only see incomplete transmission resonances.
We can also explain the transition existing in the case
where electrons tunnel through from simple MB struc-
tures to complex MB structures, from the point of view of
the effective potential of MB structures and many barrier
effect [23].
In Figures 5a to 5c we show the conductance for elec-
tron transport through three DMBS’s, three TMBS’s and
three QMBS’s. In all of our plots, solid, dotted and dot-
dashed curves are for structures which are obtained by ar-
ranging one building block A (B1 = 0.1 T and d1 = 1), two
different building blocks A (B1 = 0.1 T and d1 = 1) and
B (B2 = 0.3 T and d2 = 1), and two blocks A (B1 = 0.1 T
and d1 = 1.95) and B (B2 = 0.3 T and d2 = 1) in AB,
ABA and ABAB sequences, respectively. It can be seen
that there are shoulder structures of the conductance for
two DMBS’s which are of identical blocks, and of two
blocks with different heights and same widths. However,
for the DMBS of two blocks with different heights and
different widths, one can see a sharp peak in low Fermi
energy. The conductance is suppressed drastically for elec-
tron transport through two asymmetric DMBS’s due to
the averaging of the transmission T (E, ky) over half of
the Fermi surface. Comparing Figure 5a with Figure 3a in
reference [17], both quantitatively and qualitatively, there
is significant difference in the conductance, especially for
the symmetric DMBS. It is evident that the zero mag-
netic field region within magnetic barriers plays a very
important role in electron transport through MB struc-
tures. From Figure 5b one can see a sharp peak and a
shoulder structure in the dot-dashed curve for the TMBS
which is arranged by two different blocks with very differ-
ent heights and widths. A strong suppression effect of the
conductance can be seen for two TMBS’s of unidentical
blocks due to the reduction of the transmission. In Fig-
ure 5c the conductance is presented for electron transport
through three QMBS’s. Besides a similar suppression ef-
fect of the conductance existing in two QMBS’s arranged
by two different blocks, we can also see that there are two
sharp peaks (dotted curve) for the case arranged by two
blocks with different heights and same widths, while in
the other case we can see more peaks in which most of
them are suppressed and only one peak has large peak-
value. The features exhibited in the conductance reflect
transitions of transmission resonances in MB structures
of unidentical blocks.
For finite MB superlattices of more magnetic barri-
ers and wells, we can also investigate tunneling transport
268 The European Physical Journal B

































Fig. 5. Conductance through three DMBS’s, three TMBS’s
and three QMBS’s. In all plots, solids curves are for structures
of identical blocks A (B1 = 0.1 T and d1 = 1); dotted curves
are for structures arranged by two blocks A (B1 = 0.1 T and
d1 = 1) and B (B2 = 0.3 T and d2 = 1); dot-dashed curves
are for structures arranged by two blocks A (B1 = 0.1 T and
d1 = 1.95) and B (B2 = 0.3 T and d2 = 1).
properties. Figure 6 presents numerical results of trans-
mission coefficients versus incident energy for three finite
MB superlattices which are obtained by periodically ar-
ranging one block A (B1 = 0.1 T and d1 = 1) (see (a1),
(a2) and (a3)), two blocks A (B1 = 0.1 T and d1 = 1)
and B (B2 = 0.3 T and d2 = 1) (see (b1), (b2) and (b3)),
and two blocks A (B1 = 0.1 T and d1 = 1.95) and B
(B2 = 0.3 T and d2 = 1) (see (c1), (c2), (c3)), respectively.
The total number of building blocks in the three cases is
set to be 10. Resonant and unresonant domains can be
seen in the transmission spectrum for all three cases. The
transmission spectrum is changed drastically in two cases
of unidentical blocks. One resonant domain for the super-
lattice of identical blocks splits into two resonant domains
for the superlattice by periodically arranging two different
blocks with the same widths and different heights, and the
total width of resonant domains drastically narrows and
the total number of resonant peaks decreases for ky ≥ 0
cases. For different ky, the variations of the width and
positions of resonant domains are also different. These
features reflect the wave-vector-dependent properties of
transport in the MB structure. In the transmission spec-
trum for the MB superlattice periodically arranged by two
blocks with different widths and different heights (see (c1),
(c2) and (c3)), one can see there is one resonant domain
which consists of ten resonant peaks for ky = 0.7 case;
more narrower domains can be seen for ky ≤ 0 cases. In

























Fig. 6. Transmission spectrum through three finite MB super-
lattices of ten building blocks. (ai), (bi) and (ci) (i = 1, 2, 3)
are for a superlattice of identical blocks A (B1 = 0.1 T and
d1 = 1), a superlattice of periodically arranged two blocks
A(B1 = 0.1 T and d1 = 1) and B (B2 = 0.3 T and d2 = 1), and
a superlattice of periodically arranged by block A (B1 = 0.1 T
and d1 = 1.95) and block B (B2 = 0.3 T and d2 = 1), re-
spectively. (a1), (b1) and (c1) : ky = 0.0; (a2), (b2) and (c2):
ky = 0.7; (a3), (b3) and (c3) ky = −0.7.
ber of peaks is exactly the same as that in the other case of
unidentical blocks. The main difference is that the width
between two adjacent domain narrows in this case due to
the larger width of the whole structure. We notice that
the transmission coefficient at resonances is always equal
to unity no matter whether the superlattice consists of
identical blocks or unidentical blocks. Here we once again
see the transition of transmission resonances from sim-
ple MB structure to complex MB superlattices. Figure 7
shows the conductance through three finite MB superlat-
tices as a function of Fermi energy EF . For two superlat-
tices which are obtained by arranging two different blocks,
the conductance decreases and curves shift rightwards in
comparison to that of the superlattice of identical blocks.
We can also see that in the former cases resonant spikes
are resolved and become sharper, especially in the region
of lower Fermi energy. These features indicate that prop-
erties of tunneling in the MB superlattice depend strongly
on the geometry of the structure, especially on the param-
eters of adjacent magnetic barriers and wells.
Finally, we discuss the resonance splitting effect exhib-
ited in electron transport through finite MB superlattices.
As we introduced in Section 1, this effect in periodic elec-
tric superlattices at zero bias or at low bias (Vbias ≈ 0)
has been considered by a number of authors [3,4]. It is
found that for n-barrier tunneling the splitting would be
Y. Guo et al.: Transmission resonances in magnetic-barrier structures 269






















Fig. 7. Conductance through three finite MB superlattices.
The parameters of three structures for solid, dotted and dot-
dashed curves are exactly the same as that in Figure 6(ai),
6(bi) and 6(ci) (i = 1, 2, 3), respectively.
(n − 1)-fold. In the MB superlattice the resonance split-
ting effect is more interesting and complex. We can hardly
obtain a simple rule to generalize its main feature. It is ev-
ident from Figs. 2, 3, 4 and 6 that (n−1)-fold splitting for
n-barrier tunneling can be extended to the MB structure
periodically arranged by identical blocks through which
electron with ky ≥ 0 transport, i.e., for n-magnetic-barrier
transport the splitting would be (n − 1)-fold. The rule
can not be extended to ky < 0 case. One resonant do-
main in the MB superlattice arranged by identical blocks
splits into two resonant domains in the MB superlattice
which is periodically arranged by two blocks with differ-
ent heights and the same widths. In the latter case, the
splitting will occur each time two new blocks are added
to the existing one. However, no matter what ky-value
electron possess, the total number of resonant peaks is no
longer always equal to (n−1). For the MB superlattice ob-
tained by periodically arranging two different blocks with
different widths and different heights, the splitting rule
is also determined by parameters of building blocks and
wave-vector ky. However, its feature is more complex. In
Figures 6c1, c2 and c3, for the ky > 0 case, the split-
ting rule is similar to that for the ky ≥ 0 case in MB
superlattices of identical blocks, whereas for the ky ≤ 0
case the splitting rule is similar to that in MB superlat-
tices which are periodically arranged by two blocks with
different heights and same widths. The resonance split-
ting effect can also be seen clearly in the conductance (see
Fig. 7). We think that resonance splitting features exhib-
ited in electron transport through finite MB superlattices
is driven by magnetic miniband structures of correspond-
ing MB superlattices. Because of the coupling between
the effective wells via tunneling through effective barri-
ers, the degenerate eigenlevels of the independent wells are
split. Consequently, these levels redistribute themselves
in groups around their unperturbed positions and form
quasibands. Precisely speaking, for a finite MB superlat-
tice, especially for a small n, there is no continuous energy
band. In each magnetic miniband only some discrete and
ky-dependent energy could be expected. For a very large
but finite n these levels form a quasi-continuous energy
band. In comparison to the magnetic miniband of the MB
superlattice of identical building blocks, minibands will
split in the MB superlattice periodically arranged by two
different blocks. In the latter case splitting features are
determined not only by parameters of building blocks but
also by wave vector ky. Energy minibands in which al-
lowed energy bands are separated by forbidden gaps. The
total number of discrete energy levels and the width of
the bands, and that of the gaps between them, depend
on ky. The necessary condition for the resonance in tun-
neling to occur is that the energy of the incident electron
falls completely inside the allowed minibands. Therefore,
in transmission spectrum and in the conductance for MB
superlattices we can not only see resonant domains and
unresonant domains but also see rich ky-dependent and
structure-induced resonance splitting phenomena.
4 Summary
In summary, we investigated transport properties, espe-
cially transitions of transmission resonances and resonance
splitting effects in MB structures. It is confirmed that the
transition of transmission resonances (between complete
transmission and incomplete transmission) not only ex-
ists in the case for electron tunneling through from sim-
ple MB structures of identical blocks to simple struc-
tures of unidentical blocks but also exists in the case for
electron transport through from simple MB structures of
unidentical blocks to complex MB structures arranged
by different blocks. In the simple unidentical block ar-
ranged structures, we can also obtain optimum transmis-
sion resonances by properly adjusting parameters of build-
ing blocks according to the ky-value. However, it is im-
possible to get complete transmission resonances for any
ky-value in similar simple MB structures of two uniden-
tical blocks. For electron tunneling through from simple
MB structures to finite MB superlattices, the structure of
the transmission spectrum changes significantly, i.e., from
solitary peaks to a cluster of peaks. Resonant domains in
the transmission reflects the formation of magnetic mini-
bands of energy, and the geometry of the structure largely
affects the structure of the miniband. Through our studies
on resonance splitting effect, we find that the rule obtained
in the electric superlattice can not be extended to the MB
superlattice directly. It is valid in the MB superlattice of
identical magnetic barriers and wells through which elec-
tron with wave vector ky ≥ 0 tunnel. For a more com-
plex superlattice with an arrangement of different blocks,
splitting features are determined by both the parame-
ters of building blocks and the wave-vector ky of incident
electron.
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